The purpose of this study is to predict the solidification microstructure of pure copper rod by vacuum continuous casting (VCC) process and verify its accuracy by experimental observation. This study was extended from previous study (using 2D-CA model). A three dimensional cellular automaton (3D-CA) model and the finite difference method were utilized to simulate the macro-temperature field, nucleation, and grain growth of a pure copper rod based on the actual casting operations. The simulated solidification microstructures obtained from the 3D-CA model were found in good agreement with the results of actual casting experiments. Both numerical simulations and experimental observations show that the microstructure of a copper rod changes with casting speed and that the S/L interface moves closer to the orifice of the mould with increasing drawing speed.
Introduction
Copper is widely employed in thermal components and electrical wiring due to its excellent properties such as good formability and corrosion resistance. Recent advancements in technology are demanding smaller and thinner electronic devices which require slimmer and more delicate wiring systems. This decrease in wire dimensions requires materials that have better mechanical properties for fine-drawing while remaining reasonably conductive and corrosion-free. To meet the required specifications, the purity level for ultra-high purity copper has been increased from the 3 and 4 N levels to the 6 N level. 1) Vacuum Continuous Casting (VCC) is one of the main methods used to produce copper rods. After further mechanical processing such as drawing, wires and tubes with high purity and homogeneity can be directly applied to various devices.
Solidification is the most important process in VCC. It determines the formation of the bulk microstructure, which is directly related to the mechanical and chemical properties. In the VCC process, various casting conditions such as casting speed are manipulated, which in turn affect the temperature gradient and growth rate, to control the microstructure formation during solidification and thus improve the specified properties. Earlier studies were conducted on the basis of physical observation and metallurgical analysis on actual casts under various operating conditions. Although viable, these methods involve a lot of manpower, resources, and time. It is thus desirable to utilize numerical modeling techniques to simulate the solidification microstructure. Using numerical simulation, predictions can be made for microstructural changes with respect to casting conditions. Two major methods can be used to model cast microstructure, deterministic and probabilistic. The deterministic method is based on the kinetics of solid-state transformation during solidification, with nuclei density and growth rate considered as a function of undercooling. Oldfield (1966) associated heat transfer with grain growth to simulate the crystallization of grey iron, in which nucleation changes constantly in proportion to the square of undercooling.
2) Hunt (1984) published a model for instantaneous nucleation in continuation with applying the deterministic methods.
3) In terms of categorizing the crystals formed, Dunstin and Kurz assumed the growth of spherical, columnar, and cylindrical equiaxed grains. 4) Their revised method focused on simulating the number of grains and average grain size in several zones of interest. Although the deterministic method is derived from solidification kinetics and physically satisfies conditions for grain growth, it fails to consider heat flow and the general randomness of the nucleation process. Effects such as grain distribution and growth direction are therefore disregarded, which greatly limits the predictions on the overall grain morphology and grain intrusions. Moreover, since the grain shape is decided in advance, the deterministic model cannot express the transfor-
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These limitations can be overcome by applying the Monte Carlo method developed by Brown and Spittle, also known as the probabilistic model. 5) This method adopts the principles of the lowest surface energy of grains and combines them with random selection to address nucleation, grain growth, and solid-liquid phase transformation for metals. The results are reasonably similar compared to a real cast product; however, there is a lack of physical meaning of dendritic growth dynamics.
More recently, emphasis has been put on integrating the advantages of the two models. Rappaz and Gandin developed a Cellular Automation (CA) method based on the heterogeneous nucleation and the continuous nucleation models. [6] [7] [8] [9] The continuous nucleation model integrates the Gaussian distribution between nucleation densities and undercooling. In the CA model, nucleation locations and preferential growth orientation are determined using the probabilistic model, whereas the growth rate of dendrite tips is modeled with the deterministic model based on physics theories. Therefore, the CA method combines the advantages of the Monte Carlo method with the physical meanings of crystallographic effects and grain selection. Furthermore, Zhu and Hong have developed a CA method that can simulate microstructure evolution during eutectic and peritectic solidification. 10) Some modified CA models that directly solve the transport equations at the solid-liquid interface have been developed to simulate dendritic growth patterns.
11) Further developments of the CA model are coupling the phase-field method (PF-CA model) for the simulation of formation of macrostructures in multi-component alloy systems.
12) The effect of macrosegregation also has been developed to account for structure formation compared to purely macroscopic models. 13) In the present study, a microstructure prediction system for the VCC process based on the Cellular Automaton (CA) model is developed. The system is then tested by comparing the actual cast observations with simulation results for the effects of casting speed on microstructural changes of copper.
Experimental Method
The proposed study adopted the VCC process to fabricate copper rods. In the VCC process, a vacuum furnace and continuous casting techniques are used to produce high cleanliness and purity products. The vertical casting direction enables symmetrical cooling and homogeneous microstructure formation. The equipmental set up is shown in Fig. 1 . The experimental parameters used in this study are shown in Table 1 . Graphite moulds and crucibles made of carbon IG15 were used for the VCC process. As shown in Fig. 2 , the mould was 2 cm in diameter and 10 cm in height, and the crucible was 20 cm in diameter and 25 cm in height. A typical experimental procedure began with the vacuum smelting of pure copper at a pressure of 1.0ϫ10
Ϫ4 atm and the carbon crucible being preheated to 1 250°C. Drawing was conducted at various casting speeds under a nitrogen atmosphere, with a cooling water flow rate of 20 L/min, resulting in a copper rod with a diameter of 8 mm. The temperature profiles at various locations on the sample were measured and recorded throughout the experiment. The casting was cut into multiple sections and embedded in epoxy-based modules. Grinding, polishing, and etching with nitric acid (etching time of 3 s) were then performed. An optical microscope was used to observe the microstructures of the copper rod fabricated under various casting conditions.
Numerical Analyses
The physical model used to develop the numerical simulation in this study is shown in Fig. 3 . Liquid metal is shown at the centre and a dummy bar with the diameter of 8 mm is used to continuously draw copper rod through the graphite mould in a vacuum, with water cooling surround- ing the model. The length of the cooling system and insulation is 8 and 2 cm, respectively. The related numerical simulation methods are described below.
Heat Flow Calculation in VCC Process
In the present simulation, the finite difference method was used to calculate transient heat transfer in the VCC process. The governing equation is given by ... (1) where r and z are the grid size with the length of 0.4 mm, r is the density, C p is the specific heat, l is the thermal conductivity, V c is the casting speed, and q is the latent heat obtained using the temperature recovery method. 14) The boundary conditions at the melt/mould interface and the mould/water interface are given by: Melt/mould:
. (3) where q is the heat flux, T melt , T mould and T water are the temperatures of the melt, the mould, and the cooling water, respectively, and h int and h w are the interfacial heat coefficients at the melt/mould and the mould/water interfaces, respectively. The governing equation and boundary condition for heat transfer shown in Eqs. (1), (2), and (3) are solved using an explicit difference algorithm.
Nucleation and Growth Algorithm
Nucleation is the dominant stage of microstructural evolution in solidification, which leads to the establishment of the final grain population. From previously mentioned theories, a heterogeneous nucleation model is adopted to explain the nuclei density increase dn induced by an increase in the undercooling d(DT) according to the following Gaussian distribution:
... (4) The Gaussian distribution is determined by three parameters: n max : maximum density of nuclei given by the integral of the Gaussian distribution from 0-ϱ DT : mean nucleation undercooling, equivalent to the maximum on a distribution curve DT s : standard deviation of undercooling, equivalent to the width of the distribution curve Thus, the density of grain n(DT) formed at a certain undercooling DT is given by: P n : Probability of nucleation dN : Number of newly formed nuclei N CA : Total number of cells V CA : The volume of an individual cell dn : The increase of grain density Once a cell has nucleated, it grows with a preferential direction corresponding to its crystallographic orientation. An algorithm for grain growth with various preferred orientations constructed using three Euler angles was embedded into the CA growth algorithm by Hong. 15, 16) The algorithm randomly reproduces the preferential ͗100͘ growth direction of FCC or BCC metals. Thus, during a time step interval used for integrating the growth kinetics of the dendrite tips, the growth length of the solidified cell v with respect to its liquid neighbor cell i (as shown in Fig. 4) is L where X w , Y w and Z w can be calculated using 
15). V(DT)
is the growth rate of a dendrite tip at a certain undercooling, it can be calculated using the Lipton-Glicksman-Kurz (LGK) model. 17) For the equiaxed grain:
.............. (11) where m is growth kinetic parameter depended upon the properties of the metal, DH is latent heat, c p is the heat capacity under constant pressure, s* is the stable coefficient (1/4p 2 ), G is the Gibbs-Thomson coefficient, a is the thermal diffusibility. (13) where L is the spacing between the cell v and liquid cell i. When f i s (t)м1, which means that the growth front of the cell v can touch the center of the liquid cell i, the liquid cell i transforms its state from liquid to solid and adopts the same orientation index as that of cell v.
Determination of the Time Step
In order to reduce the computational time, two time steps were used; one for the macroscopic heat transfer calculation and the other for the microscopic CA calculation. (15) where dx is the cell size and V max is the maximum growth velocity obtained by scanning the growth velocities of all interface liquid cells during each time step.
The flowchart for the microstructure simulation of a pure copper rod under the VCC process is shown in Fig. 5 . The simulation procedure using the coupled macro-micro model are as follows: firstly, the simulation system is initialized with the domain length, mesh size, and initial temperature; secondly, the energy equations in the liquid and the solid regions are solved; thirdly, whether a certain liquid cell nucleates or a certain solid cell grows with a certain growth velocity is estimated using the CA model based on the calculated temperature in the CA cells. At this stage, the liberation of latent heat in the solidifying cells is estimated using the temperature recovery method. Finally, using the updated temperature calculation for the new liquid region can be continued. This series of calculations is repeated until the end of solidification. The thermal and physical properties used in the present calculations are listed in Tables 2 and 3. The actual nucleation parameters are important and should be determined by the Differential Thermal Analyzer (DTA) experiment. However, in this study the most appropriate values to be used for the parameters were obtained from related papers as cited and then verified by the computer simulation results. These appropriate nucle- ation parameters were obtained from Ref. 18 ). The simulated and experimentally observed microstructures were compared to examine the reliability of the proposed simulation technique.
Results and Discussion
The examination of the VCC process is described in two parts. In the first part, finite difference method is used to calculate the macroscopic temperature fields and CA method is used to compute microscopic nucleation and growth mechanism, thus, the macro and micro scale effects are coupled on the final microstructure. In the second part, the actual process of VCC is used to observe changes in the evolution mechanism of solidification microstructure with respect to casting speed.
Temperature Distribution in VCC Process
For macroscopic purpose of this study, finite difference methods were used to solve the two dimensional heat transfer equations. The resulting temperature distribution is shown in Fig. 6 . The shape of the melt pool becomes sharper with increasing casting speed. Figure 7 shows that when casting speed is increased, the position of the S/L interface moves closer to the exit of the mould (0 cm is the top of the mould), which may cause the melted metal to leak. The symmetry in cylindrical coordinates allows the 2-D temperature to be expanded to a 3-D temperature in the 3D-CA model to simplify the calculation of the simulation process and to speed up the calculation time. The 3-D macroscopic temperature field is used as the basis for the development of microscopic nucleation and growth models. As shown in Fig. 8 , the integrated macro-micro model is used to obtain the temperature of CA cells by interpolating the macroscopic temperature field. The undercooling required for nucleation and growth model is then determined. The relative latent heat released during solidification is then fed back to the macroscopic temperature evaluation. The process is repeated until the solidification is finished. Casting speed is one of the main factors that affect the evolution of the solidification microstructure. Therefore, the results are divided into three parts. The first case is low casting speed (100 and 150 mm/min), the second case is middle casting speed (300 and 400 mm/min) and the third case is high casting speed (600 and 800 mm/min).
Low Casting Speed in VCC Process
Since a 3-D model requires large storage resources for proper results, it is beneficial to simplify the methodology and combine the results of two dimensional cross sections to create a three dimensional model. Figure 9 shows the microstructure obtained from casting with a 100 mm/min casting speed and 20 L/min flow rate of cooling water. verse section, the major grain morphologies are circular and the grain sizes are about equal. In the longitudinal section, the grains all have a parallel columnar structure and the grain growth follows the axial direction, similar to that predicted from the temperature gradient direction. In order to verify the accuracy of the proposed microstructure prediction system, the results of the numerical simulation were compared with those of the actual casting experiment. Figures 9 (c) and 9(d) show the metallography of the copper rod for a casting speed of 100 mm/min. In the two figures, the grains are circular and elongated, respectively. The results of the casting experiment are similar to those predicted in the numerical simulation (see Figs. 9(a) and 9(b)). However, the grain size of the experimental sample is bigger than that obtained using the simulation system. Figure 10 shows the microstructure obtained with a 150 mm/min casting speed and a cooling rate of 20 L/min. In Fig. 10(a) , the grains are nearly circular and the grains are thicker than those in Fig. 9(a) . In Fig. 10(b) , the direction of grain growth is axial and the columnar grains are thicker than those in Fig. 9(b) . This result could be attributed to a slower grain cooling rate caused by the increase in casting speed, leading to thicker grains. Figure 11 shows the microstructure solidified under a 300 mm/min casting speed. In the transverse section, two types of grain shape were obtained. Elongated grains were obtained on the wall of the mould and the circular grains were obtained in the central part of the mould. In the longitudinal section, the grains from the two sides of the mould are titled elongated and those in the central part are parallel elongated. Figures 11(c) and 11(d) show the metallography under a 300 mm/min casting speed. In the transverse section, the grains on the wall of the mould are elongated and the grains in the central part of the mould are circular. In the longitudinal section, the grains are titled elongated and parallel elongated. Figure 12 shows the microstructure of the copper rod for a casting speed of 400 mm/min. In the transverse and longitudinal sections, the grains are similar to those in Fig. 11 , respectively. The numerical simulation results show that the microstructures of copper rods can be exactly predicted using the proposed simulation system.
Middle Casting Speed in VCC Process

High Casting Speed in VCC Process
In Fig. 13(a) , where the casting speed is 600 mm/min, most grains are elongated, with a few being circular. In Fig.  13(b) , the grains are nearly horizontal columnar and parallel columnar. In the simulation system, majority and plurality grains are elongated and a few grains are circular, as 
